The black-eared mouse Peromyscus melanotis is distributed in conifer forests and highland prairies throughout the Trans-Mexican Volcanic Belt, Eastern Sierra Madre and Western Sierra Madre in Mexico, and isolated mountain ranges in Arizona, United States. We examined geographic variation in cranial measurements throughout the distribution of the species in Mexico. Because populations of these major ranges are isolated, we expected discontinuities in variation consistent with geographic gaps. Instead, we found no differences between the Sierras and significant differences between them and the Trans-Mexican Volcanic Belt. Moreover, a north-to-south trend of size increase was detected. By relating size to 6 environmental variables, we evaluated 4 hypotheses previously proposed to explain the observed pattern of variation: 1) seasonality, 2) body heat conservation or Bergmann's rule, 3) primary productivity, and 4) body heat dispersion. Significant positive correlations with elevation, productivity, and humidity, and negative correlations with annual mean temperature, temperature seasonality, and latitude led us to conclude that the observed pattern of variation in size is not related to body heat conservation or loss, but driven by primary productivity, a positive correlate of resource availability.
Geographic variation in the morphology of mammals can occur as a response to the heterogeneity of the environment. Different selective pressures by abiotic (e.g., climate) and biotic (e.g., interactions with other species) factors can shape the phenotype. Because some environmental factors depend directly on geographic position (precipitation, temperature, productivity), morphological variation may correlate with environmental gradients. On the other hand, geographic variation also could be related to historical factors; current variation may be the product of past climatic (e.g., Martínez et al. 2013) or geologic events. Apart from selection, demographic or stochastic processes (gene flow and genetic drift, respectively) are also agents that by changing genotypes may produce phenotypic changes at a geographic scale (Blair 1950; Stevens et al. 2016) . Also, a single genotype can produce more than 1 phenotype depending on the environmental factors to which it is exposed, a phenomenon known as phenotypic plasticity (Schlichting and Pigliucci 1998) .
Phenotypic variation in rodents has been studied using various methodologies, most commonly morphometric analyses, which allow examination of size and shape. Many studies of geographic variation have been conducted in rodents using cranial characters (e.g., Hoffmeister 1951; Schmidly 1973; Bradley et al. 1996) or cranial characters and genetic data (e.g., Ordóñez-Garza et al. 2010; Ávila-Valle et al. 2012; Lorenzo et al. 2016) . In addition to patterns of variation, the relative importance of phylogenetic history and recent adaptation to local environments also has been quantified (Caumul and Polly 2005) .
The black-eared mouse (Peromyscus melanotis) is a nocturnal, omnivorous mouse (Álvarez-Castañeda 2005) distributed in the Trans-Mexican Volcanic Belt, Eastern and Western Sierra Madres in Mexico, and isolated mountain ranges in southern Arizona, United States (Carleton 1989) . It inhabits mainly coniferous forests, areas with zacaton grass and marshes, and grassy or bushy areas in mesic deciduous forests (Baker and Greer 1962; Fa et al. 1996) . Because of these habitat preferences, the distribution of the species is discontinuous, being limited to mountain peaks covered with conifer forests and high-mountain prairie (Álvarez-Castañeda 2005) at elevations between 2,100 and 4,300 m (Martínez-Coronel et al. 1991 ; this study). Geographic variation in cranial morphometric characters of P. melanotis was analyzed along an east-west transect on the Trans-Mexican Volcanic Belt (Martínez-Coronel et al. 1991) . These authors found slight but significant geographic variation, albeit without a clear geographic trend. Nonetheless, the distribution of P. melanotis is considerably larger, spanning 11° of latitude and 5° of longitude, and although the species is restricted to conifer forests, elevation, aspect, species community composition, and climatic regimes vary throughout: some degree of phenotypic variation therefore could and should be expected. Furthermore, the mountain ranges where the species occurs are isolated by unfavorable habitat: the Chihuahuan desert and Mexican Plateau between the 2 Sierras; the LermaSantiago river basin between the Western Sierra Madre and the Volcanic Belt; and the Pánuco river basin between the latter and the Eastern Sierra Madre. These barriers could promote population isolation and differentiation.
Our purpose was to analyze the variation in cranial morphometric attributes in populations of P. melanotis throughout its distribution in Mexico. We examined 2 aspects of geographic variation: if habitat gaps are effective barriers to gene flow, it could be expected that eventually P. melanotis would have attained morphometric differentiation that coincided with the limits of these isolated mountain ranges. On the other hand, it is possible that geographic variation in morphometric attributes is driven by local ecological conditions and thus related to environmental variation. A number of environmental correlates of geographic variation in body size or body mass have been tested across the literature. Wigginton and Dobson (1999) and Gür (2010) summarized the principal ideas on the matter in 4 main hypotheses: 1) seasonality, which proposes that body size should be larger in areas of greater seasonality in food abundance, and that smaller animals would have less fasting endurance because they have faster metabolic rate and smaller absolute mass of body fat; 2) heat conservation, which predicts that body sizes of endothermic individuals would be larger in cooler climates because a smaller surfaceto-volume ratio in larger individuals results in a more efficient retention of body heat; 3) primary productivity, which predicts a positive correlation between size and productivity due to greater availability of resources in highly productive environments; and 4) heat dissipation, which proposes that the higher surface-to-volume ratio of smaller individuals facilitates heat dissipation in warm, humid environments. We tested these hypotheses by correlating a size vector with a set of environmental variables (elevation, annual mean temperature, latitude, temperature seasonality, primary productivity, and humidity); expected results under each hypothesis are summarized in Table 1 . Fourteen cranial measurements, defined in López-González et al. (2013), were taken of each specimen using a Mitutoyo digital caliper: greatest length of skull, condylonasal length, length of incisive foramen, length of bony palate, pospalatal length, breadth across molars, interorbital constriction, breadth of braincase, zygomatic breadth, length of upper diastema (LD), maxillary toothrow (MAX), length of auditory bulla (LAB), cranial height (DEPTH), and mandibular toothrow (MTR). Missing values were estimated using the estimation-maximization algorithm by Little and Rubin (1987) . The expectation maximization algorithm is a generalization of a maximum likelihood estimation to the incomplete data case. Expectation maximization attempts to find the parameters θ that maximize the log probability log P(x; θ) of the observed data x (Do and Batzoglou 2008) . Only 1.1% of the values were missing and required estimation.
Analysis of variation among mountain ranges.-To test whether habitat gaps correspond with morphometric differentiation, specimens were grouped by major geographic regions: Western Sierra Madre, Eastern Sierra Madre, and TransMexican Volcanic Belt. Because significant sexual dimorphism and age differences were detected by Martínez-Coronel et al. (1991) , we tested for differences among regions while controlling for sex and age. A 3-way multivariate analysis of variance (MANOVA) was conducted to test for cranial differences among regions using Wilks' lambda as test statistic. Analogous analyses of variance (ANOVAs) by variable were also conducted to establish which variables contributed to the general differences. Interactions between sex and locality, sex and age, and age and locality also were tested in univariate and multivariate analyses. To determine which regions were significantly different, Tukey's multiple comparisons tests were also conducted.
Geographic variation and environmental variables.-Because significant sexual dimorphism and age variation were present in our samples, data for this portion of the analysis were analyzed separately by sex and only for specimens of age 4 (199 specimens, 73 localities for males; 148 specimens, 66 localities for females). Principal component analysis (PCA) was carried out on the complete set of variables to summarize size variation in a single variable. Scores of the first principal component (PC1) were used as a measure of size (Marcus 1990 ). Before analysis, data were tested for normality; we found no significant deviations, thus they were not log-transformed. PCA was conducted on the covariance matrix. To control for the effect of scale, prior to PCA, variables were standardized to mean = 0 and SD = 1. Relationships between original variables and PC1 are presented as vector correlations. Because we correlated morphometric data with environmental variables that were estimated by locality (see below), for each sex the mean score of all individuals from that locality was used.
Geographic coordinates and elevation for each collection locality were taken from specimen tags. If unavailable, data were obtained from Google Earth (Google Inc. 2016) . We examined relationships between size variation and 6 environmental variables that allowed for testing the 4 hypotheses described above: elevation (m), mean annual temperature (°C), latitude (degrees), temperature seasonality (°C × 100), primary productivity, and the ratio of annual precipitation to annual mean temperature (P/T), an indirect measure of humidity (Lang's index- García 1988) .
Annual mean temperature, mean annual precipitation, and temperature seasonality were obtained from the layers of the WorldClim project (Hijmans et al. 2005 ) at a 0.5° resolution. Temperature seasonality is the SD of the average weekly temperature multiplied by 100. Primary productivity for July 2016 at a 0.1° resolution (expressed as gC m −2 day −1
, where gC = grams of Carbon) was taken from the NASA Earth Observations site (NEO 2017). Data layers were processed using ArcGIS ver. 9.3 (ESRI 2008). We calculated P/T for each locality by dividing the annual precipitation by the annual mean temperature (García 1988) .
Pearson correlations between average PC1 scores and each environmental variable were calculated, and the null hypothesis of no relationship tested. All statistical hypotheses were rejected at α = 0.05. Analyses were carried out using the STATISTICA 7.0 software package (StatSoft Inc. 2004) .
results
Geographic variation among regions.-The MANOVA was significant for differences among regions (F 2,389 = 13.0, P < 0.001). Age and sex also showed significant differences (F 1,490 = 3.8, P < 0.001 and F 1,490 = 2.8, P < 0.001, respectively). Only the interaction between region and age was significant in the multivariate analysis (F 2,387 = 2.56, P < 0.001). The variables contributing significantly to these differences were condylonasal length, breadth across molars, and maxillary toothrow. The ANOVA showed significant differences among regions in all measurements (Supplementary Data SD2). In 11 of 14 variables examined, specimens from the Trans-Mexican Volcanic Belt were significantly larger than those of the 2 other regions. For 9 variables (greatest length of skull, condylonasal length, pospalatal length, breadth across molars, interorbital constriction, breadth of braincase, maxillary toothrow, cranial height, and mandibular toothrow), post hoc tests showed a pattern of no differences between the Sierras, but significant differences between them and the Trans-Mexican Volcanic Belt. Length of the incisive foramina and length of diastema were the only variables that differed significantly among all 3 regions.
Geographic variation and environmental variables.-The PC1 explained 47% of the total variance in morphometric attributes for males and 41.2% for females (Table 2) . For both sexes, correlations of most variables with PC1 were > 0.5, indicating that PC1 scores adequately summarized size. Most scores were positive for localities on the Trans-Mexican Volcanic Belt and negative for the Sierras (Fig. 2) .
We found significant negative relationships between size and mean annual temperature (for males r = −0.32, P = 0.005; females r = −0.31, P = 0.01; Fig. 2A ), seasonality (r = −0.63, P < 0.001; r = −0.58, P < 0.001; Fig. 2B ), and latitude (r = −0.63, P < 0.001; r = −0.60, P < 0.005; Fig. 2C ). Significant positive relationships were found with elevation (for males r = 0.51, P < 0.001; females r = 0.33, P < 0.006; Fig. 2D ), primary productivity (r = 0.44, P < 0.001; r = 0.37, P = 0.002; Fig. 2E ), and P/T (r = 0.31, P = 0.006; r = 0.33, P < 0.006; Fig. 2F ).
discussion
Small but nevertheless significant geographic variation in cranial and external measurements of P. melanotis has been reported previously for the Trans-Mexican Volcanic Belt (Martinez-Coronel et al. 1991). We hypothesized that geographic variation at a larger scale could be related to major habitat gaps resulting in geographic isolation. Contrary to our expectations, very little differentiation was detected in both sexes between the Sierras; for most variables examined, specimens of the Trans-Mexican Volcanic Belt were significantly larger than those from the Sierras. Figure 2C reflects these findings. Although there was considerable variation, mice from the Trans-Mexican Volcanic Belt tended to be larger than most specimens from the Sierras. We did not find any discernible pattern of variation along the Volcanic Belt: eastern, central, and western populations are intermixed on the x-axis. In the Sierras group, the smallest individuals occurred on the northernmost areas, but size varied greatly in more southern portions. The pattern of Fig. 2C is similar to that of the relationship between size and temperature seasonality (Fig. 2B) , but is not evident in the other variables examined, which suggests that there may be a gap separating these populations, but that such a gap is not related to geographic isolation, and instead to different climatic regimes.
Hypothesis 1.-The above results contradict the prediction of hypothesis 1: that body size would be larger in more seasonal areas, based on the assumption that larger body sizes will confer a better chance of survival to an animal during long periods of food scarcity (Boyce 1978 (Boyce , 1979 Wigginton and Dobson 1999) . The Sierras are very seasonal environments, with a marked warm and rainy season in summer, and drier and cold winters (García de Miranda 1986) . In contrast, in the Mexican Volcanic Belt P. melanotis occur at higher elevations, in areas that receive humidity from the Gulf of Mexico and Pacific Ocean, resulting in similarly cold but less marked drought seasons (García de Miranda 1986; García 1988; Hernández Cerda and Carrasco Anaya 2007) . Peromyscus melanotis is an omnivorous mouse. In winter in the Mexican Volcanic Belt, the period during which fasting would be more likely to occur, they feed mainly on migrating monarch butterflies (Danaus plexippusGlendinning and Brower 1990). Thus, not only is the TransMexican Volcanic Belt a less seasonal region than the Sierras, but food is available during winter, at least in some areas. The significant negative relationship between size and seasonality may thus be related to the fact that the more seasonal areas also are lower in elevation (positively correlated with size), and have lower primary productivity (positively correlated with size; Figs. 2D and 2E) . Hypothesis 2.-For both sexes, a significant positive relationship of size with elevation, and a negative relationship with latitude and temperature, supported the idea that mice tend to be larger in cooler localities, which occur at higher elevations, and in Mexico, at lower latitudes. An explanation for this pattern was proposed by Bergmann (1847) ; in its original formulation, he suggested that "the constant temperature of homeothermic organisms is maintained by a balance between the production of warmth within the volume of an animal and the loss of warmth from its surface." He added that the limitations of the ratio surface/volume likely affect size, and that all other factors being equal, "the smaller species in a genus will occur in a warmer climate" (Bergmann 1847 in James 1970 . Organisms with larger bodies would have an advantage in colder climates because they would spend less energy per unit volume in order to maintain their body temperature as compared to smaller organisms (James 1970; Blackburn et al. 1999) .
Although in its original formulation Bergmann's prediction applied to species in a genus, the same rationale was subsequently applied to populations within species (James 1970 ). Bergmann's rule has been found to apply to a number of species (for review, see Meiri and Dayan 2003) , but for some organisms an inverse relationship (e.g., Ochocinska and Taylor 2003; Medina et al. 2007; Martínez et al. 2013) or no relationship at all has been found (e.g., Wasserman and Nash 1979; Ashton et al. 2000) . Geist (1987) went as far as to suggest that Bergmann's rule has neither empirical nor theoretical basis. Notwithstanding, in their review Meiri and Dayan (2003) found that 65% of the mammal species surveyed followed Bergmann's rule. However, Rodentia, and more specifically most small rodents, failed to conform to Bergmann's rule (Meiri and Dayan 2003) . For some species, fossorial habits (Ochocinska and Taylor 2003; Medina et al. 2007 ), the development of better insulation (Wasserman and Nash 1979) , and the ability to store food or hibernate may be alternative solutions to the problem of heat loss in cold situations. Another possibility is that in rodents, the observed patterns bear no relationship with preventing heat loss (McNab 2010) .
Hypothesis 3.-Size was significantly related with primary productivity in both sexes, lending support to hypothesis 3, which proposes that food availability sets upper limits to body size. In sites where productivity is low, available energy also is low, which in turn increases selective pressure favoring smaller body sizes. In contrast, in sites where productivity is high, larger body sizes are favored (Rosenzweig 1968; Blackburn et al. 1999; Yom-Tov and Geffen 2006; Alhajeri and Steppan 2016) .
Although primary productivity tends to decrease with elevation (Begon et al. 2006) , the Sierras of Mexico, which in general are lower in elevation, have lower productivity than southern sites. Due to the regional climatic dynamics of the Trans-Mexican Volcanic Belt described above, higher humidity occurs at higher zones, which in turn favors higher productivity at these higher elevations (García de Miranda 1986; Hernández Cerda and Carrasco Anaya 2007) . Our results reflect this condition: variation in primary productivity did not follow a clear geographic cline, either east-west or north-south, but instead reflects the climatic gap between the Sierras and the TransMexican Volcanic Belt. Larger individuals and higher productivity occur in the latter, whereas in the Sierras, productivity and size in general decrease to the north, with a few sites having productivity comparable to that of the Volcanic Belt (Fig. 2E) .
Hypothesis 4.-A significant relationship between size and P/T supports this hypothesis. James (1970) proposed that body size is associated with a combination of environmental factors, and reformulated Bergmann's rule to read "The intraspecific size variation in homeotherms is related to a combination of climatic variables that include temperature and humidity. Smaller body sizes are associated with warm, humid conditions, while larger body sizes are associated with colder or drier conditions."
These results are puzzling because P. melanotis does not live in warm and humid environments. The highland forests of the Sierra Madre Occidental are dry for between 7 and 8 months of the year, and humidity increases only in the rainy months. These forests are warm in spring and summer during the daytime, but cool to cold in the nights throughout the year. On the Eastern Sierra Madre, humidity is more widespread across the year, but temperatures are as cold as the southern portion of the western range (García de Miranda 1986; García 1988) . At the Trans-Mexican Volcanic Belt, humidity and elevation are higher and climates are colder and more humid (Hernández Cerda and Carrasco Anaya 2007) . Peromyscus melanotis is a nocturnal mammal (Hall and Dalquest 1963) , thus active only at cool or cold temperatures under either humid or dry conditions. It is hard to explain the observed relationship as a response to heat loss; more likely, the observed correlation results from the strong relationship between P/T and productivity (r = 0.41, P < 0.001).
Conclusions.-The common element in our results is that size variation correlates positively with variation in primary productivity, itself a correlate of resource availability (McNab 2010) . Abundance of resources at a site is related to climatic variables such as humidity and temperature, geographic position, elevation, and seasonal variation. With the exception of the negative relationship between mean annual temperature and size, our results were as expected under the hypothesis that size is related to resource availability, but not under hypotheses of heat conservation (or loss). The apparent contradiction in the relationship with temperature may be resolved by considering that for this particular system, higher productivity tends to occur in higher, cooler sites. A significant negative relationship between the 2 variables supports this assertion (r = −0.29, P = 0.01).
Bergmann's rule has been formulated in terms of clinal variation, usually latitudinal or elevational. Our results demonstrate that size variation in P. melanotis is related to a number of factors, some of which may not follow straightforward latitudinal or elevational gradients or clines. Neither reflects the geographic barriers isolating the 3 major populations. Although significant trends of variation with temperature, productivity, and P/T were detected, these trends do not conform with clear-cut clinal variation, but rather are a geographic mosaic in which size responds to a set of local conditions that are not necessarily spatially arranged as a cline on account of the topographic and climatic complexity of Mexican mountain ranges.
Our results support the view of McNab (2010) that body size is probably driven mainly by resource availability. Body size is the product of a number of compromises for survival, including body maintenance, growth, and reproduction. Thus, at a given level of resource intake, body size in a species may change as a result of reallocating energy to other processes. McNab (2010) proposed a "resource rule" that would encompass Bergmann's rule and other hypotheses to describe why such hypotheses (e.g., island rule, Cope's rule, and Dehnel's phenomenon) in isolation fail to adequately explain size-related patterns: these patterns are due to unique local circumstances of resource availability.
Finally, these hypotheses have been formulated under the assumption that variation in size is an adaptive response to environmental pressures (Boyce 1979; Ashton 2004 ). However, this assumption rarely has been tested. Taking for granted that phenotypic changes are the result of adaptation may lead to spurious conclusions about the process that generated the observed patterns. Phenotypic responses to environmental challenges can result from genetic changes that may or may not be adaptive, or may be part of the species genetic makeup. Phenotypic plasticity should be the null hypothesis in studies that consider the relationship between phenotypic attributes and environmental factors (Merilä and Hendry 2014) . For P. melanotis, a phylogeographic analysis could provide information on the processes of genetic differentiation, as well as estimates of the timing of the differentiation events, which could be the basis for formulating hypotheses on the origin of the observed phenotypic variation. 
